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Edited by Gianni CesareniAbstract Human 1A6/downregulated in metastasis (DRIM) is
a nucleolar protein with multiple HEAT-repeat motifs (Hunting-
ton, elongation factor 3, a subunit of protein phosphatase 2A,
target of rapamycin). The yeast homologue to 1A6/DRIM,
Utp20, is part of the small subunit processome and functions in
18S RNA processing. In the present study, we utilized the green
ﬂuorescent protein as the fusion protein marker to investigate the
sequence responsible for 1A6/DRIM accumulation in nucleolus.
Deletion sequence analysis demonstrated that a single region lo-
cated between amino acids 2744 and 2761 at the C-terminus of
1A6/DRIM is capable of nucleolar accumulation. Two basic
amino acid clusters within this region are essential for nucleolar
accumulation. The sequences required for nucleolar accumula-
tion overlaps the putative nuclear localization signal of 1A6/
DRIM.
 2006 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
Keywords: 1A6/DRIM; Nucleolar targeting sequence; Nuclear
localization signal; Nucleolar localization signal1. Introduction
1A6/downregulated in metastasis (DRIM) is a large protein
comprised of 2785 amino acids. It is ubiquitously expressed in
a variety of tissues and cell lines [1,2]. Despite being originally
identiﬁed from the malignant derivative of an immortalized
gastric epithelial cell line [3] by diﬀerential display technology,
the role of 1A6/DRIM in tumorigenesis has not been estab-
lished yet. Sequence analysis revealed that 1A6/DRIM con-
tains 12 Huntington, elongation factor 3, a subunit of
protein phosphatase 2A, target of rapamycin (HEAT)-repeat
motifs that are spatially distributed. HEAT-repeat motifs are
a stretch of 40–50 amino acids forming an a-helical structure
[4]. Many proteins with HEAT-repeats are able to mediate
protein–protein interactions [5,6]. 1A6/DRIM protein is clo-
sely homologous to yeast Utp 20 [1,7–11], a component of
the small-subunit processome which is essential for 18S RNA
processing [12]. This implicates the involvement of 1A6/DRIM
in biological functions of the nucleolus.*Corresponding author. Fax: +86 10 62015681.
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doi:10.1016/j.febslet.2006.01.064The nucleolus is the sub-cellular compartment for ribo-
somal biogenesis [13]. There is increasing evidence that it is
involved in the other cellular processes such as cell cycle con-
trol [14,15], RNA editing [16], maturation of telomeres [17],
stem cell maintenance [18], and viral infections [19]. Unlike
the nucleus, the nucleolus is a membrane-free structure.
The mechanism directing protein accumulation in the nucleo-
lus is not well established. Reports based on viral proteins
have suggested that nucleolar localization is mediated by
short amino acid sequences, namely nucleolar localization
signals [20]. Despite this ﬁnding, no common targeting se-
quences are shared by eukaryotic nucleolar proteins, suggest-
ing that one or more general targeting sequences are not
responsible for nucleolar accumulation of proteins. More-
over, growing evidence implicates that the capacity of pro-
teins to concentrate in the nucleolus might be the result of
functional interactions with other macromolecules residing
in the nucleolus [21–24]. In the present study we attempted
to identify the sequences required for 1A6 nucleolus localiza-
tion. Eighteen amino acids at the C-terminus of 1A6/DRIM
were identiﬁed as necessary for nucleolus localization. Substi-
tution of the basic amino acids within the 18 amino acid re-
gion abolished the nucleolus targeting capability of 1A6/
DRIM.2. Materials and methods
2.1. Cloning of the EGFP-tagged constructs
A series of truncated 1A6/DRIM gene constructs were subcloned
into pEGFP-C3 vector (CLONTECH) with an in-framed GFP in
the N-terminus. The 1A6/DRIM gene fragments in constructs F1–
F10 and D1–D3 were generated by PCR using pCDNA3.1-384-15
plasmid (a gift from Dr. Schwirzke) as the template whereas the frag-
ments in F9/1–F9/4 and M1–M14 were chemically synthesized. All re-
combinant constructs were conﬁrmed by sequencing.
2.2. Transfections, localization in living cells and immunoﬂuorescence
assays
NIH 3T3 and HeLa cells were both cultured in Dulbecco’s modi-
ﬁed Eagle’s medium containing 10% fetal calf serum at 37 C with
5% CO2. For the transient transfection experiment, NIH 3T3 cells
were grown on glass coverslips in 6 well plates with approximately
70% conﬂuence. Transfection of cells with 4 lg of each expression
construct using Lipofectamine 2000 (Invitrogen) was performed
according to the manufacturer’s instructions. Twenty four hours after
the transfection, cells were incubated with HOCHEST33342 (2lg/ml)
for 15 min and then viewed under a TCS-SP laser-scanning confocal
microscope with either 40· or 63· oil immersion lenses (Leica Micro-
systems, Mannheim, Germany).blished by Elsevier B.V. All rights reserved.
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cultured on coverslips were ﬁxed with methanol for 20 min at 20
C, and then washed with PBS. After blocking in PBS with10% goat
serum for 30 min at room temperature, coverslips were co-incubated
with mouse anti-1A6/DRIM and rabbit anti-nucleolin antibodies (San-
ta Cruz) (1:200) at 4 C overnight. The immunoﬂuorescent signal was
then developed with FITC conjugated anti-mouse and TRIC conju-
gated anti-rabbit antibodies for 45 min at 37 C. The coverslips were
then mounted and viewed under a TCS-SP laser-scanning confocal
microscope with a 63· oil immersion lens (Leica Microsystems, Mann-
heim, Germany) in separate channels (green, 488 nm; red, 568 nm).
2.3. Western blot analysis for the protein expression of the GFP-1A6/
DRIM truncations
Approximately 20–24 h after transfection, the cells were harvested.
Total protein extracts were analyzed using 10% SDS–PAGE followed
by Western blot with a rabbit anti-GFP polyclonal antibody (Santa
Cruz).Fig. 1. 1A6/DRIM is co-localized with nucleolin in HeLa cells. HeLa cells we
anti-1A6/DRIM monoclonal antibody, while the nucleolin was detected by r
was then developed with FITC conjugated anti-mouse and TRIC conjugated
DRIM and nuleolin in nucleoli.
Fig. 2. NTS region of 1A6/DRIM. (A) Full-length 1A6/DRIM with two puta
with EGFP are shown schematically. The subcellular localization of these co3. Results and discussion
3.1. 1A6/DRIM is localized in nucleolus and co-localized with
nucleolin in HeLa cells
High levels of endogenous 1A6/DRIM expression in HeLa
and BGC-823 cells were found by Western blotting (data not
shown). The sub-cellular distribution of endogenous 1A6/
DRIM in HeLa cells was then detected using indirect immuno-
ﬂuorescence. Under a confocal microscope the enriched green
ﬂuorescence of 1A6/DRIM was observed in the nucleolus
(Fig. 1B). The red ﬂuorescence shown in Fig. 1C represents
the endogenous nucleolin, one of the most abundant nucleolar
proteins. The merged patterns shown in Fig. 1D conﬁrmed
these two proteins were co-localized in the nucleolus of HeLa
cells.re ﬁxed on the coverslips. The endogenous 1A6/DRIM was detected by
abit anti-nucleolin polyclonal antibody. The immunoﬂuorescent signal
anti-rabbit antibodies. Overlay images show the co-localization of 1A6/
tive NLS. (B) Constructs having deleted sequences of 1A6/DRIM fused
nstructs and EGFP alone in NIH 3T3 cells.
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nuclear localization signal (NLS) of 1A6/DRIM in
NIH-3T3 cells
The sequence analysis predicts two putative NLS spanning
amino acids 2234–2250 and 2730–2775, respectively, in the
C-terminus of 1A6/DRIM (Fig. 2A). In order to deﬁne the re-
gion responsible for nucleolar targeting, a series of constructs
carrying various deletions of 1A6/DRIM sequence were fused
to the EGFP tag (Fig. 2B). The ﬂuorescence of fusion protein
was monitored for the intracellular localization of living cells.
After transient transfection, NIH 3T3 cells were observed un-
der a confocal microscope. The EGFP alone showed both nu-
clear and cytoplasmic diﬀusion distribution. In contrast, the
EGFP/F1 (2655–2785) fusion protein, which contained the
putative NLS at 2730–2775 of 1A6/DRIM, exhibited a clear
nucleolar staining as the endogenous 1A6/DRIM. All other fu-
sion proteins displayed cytoplasmic diﬀusion staining
(Fig. 2B). These results demonstrate that both NTS and
NLS are located in the C-terminal region (amino acids 2655–
2785) of 1A6/DRIM.
To further delineate NTS, additional deletions were divided
from F1 as shown in Fig. 3A. We ﬁrst generated F9 and F10.
F9 contains the putative NLS while F10 carried the other por-
tion of F1. As expected, the EGFP/F9 fusion protein was
localized predominantly in the nucleolus as its parental prod-
uct, but the EGFP/F10 fusion was distributed throughout
the cell (Fig. 3B). While the nucleolar localization of EGFP/
F9 is the result of harboring NTS and NLS, the distribution
of EGFP/F10 in both cytoplasm and the nucleus might beFig. 3. (A) Diagram of diﬀerent 1A6/DRIM-F1 fragments with EGFP. (B)
3T3 cells.due to the small size of the fusion protein (<50 kDa), which,
in turn, might cross the nuclear pore by simple diﬀusion [25].
We further eliminated the sequences from F9 to F9/1–F9/4
as shown in Fig 3A. The ﬂuorescence patterns indicated the
predominant nucleolar accumulation of EGFP/F9/2 and the
nuclear diﬀusion localization of EGFP/F9/3. However, the fu-
sion proteins carrying F9/1 and F9/4 exhibited nuclear as well
as cytoplasmic diﬀusion distribution without nucleolar stain-
ing. Taken together, we conclude that the 18 amino acids
(2744–2761) in the C-terminus region of 1A6/DRIM represent
a functional NTS, which overlaps an active NLS located be-
tween the amino acids 2744–2775.
To conﬁrm the NTS and NLS of 1A6/DRIM, we deleted the
NTS and NLS sequences from the F1 construct, resulting in
D1 and D2 constructs as shown in Fig. 4A. As predicted
D1, lacking NTS, still accumulated in the nucleus but did
not display nucleolar localization. Interestingly D2, lacking
NLS, was distributed throughout the cell but was excluded
from nucleolar staining (Fig. 4B). The D2 distribution in the
nucleus is due to the low molecular weight as discussed above.
This assumption was proven by the following experiment.
Construct F11, carrying amino acids 2344–2785 was gener-
ated. The F11 construct produces a fusion protein about
71 kD. The sequences encoding NLS were deleted from F11
resulting in D3. In contrast to D2, D3 stayed exclusively in
the cytoplasm conﬁrming that the NLS of 1A6/DRIM resides
in the small region of amino acids 2744–2775. The expressions
of F1, D2, D3 and EGFP were validated by Western blotting
(Fig. 4C).The distribution of the EGFP-tagged constructs shown in (A) in NIH
Fig. 4. (A) The deletion mutants of 1A6/DRIM D1, D2 and D3 derived from F1 and F11 constructs are illustrated. (B) Subcellular localization of
EGFP-tagged mutants of 1A6/DRIM shown in (A). (C) Western blotting: arrows show the expression of the diﬀerent EGFP fusion proteins.
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The basic amino acid residue have been speculated to be
important in nucleolus targeting [20,21,25]. To determine the
key amino acids of the NTS (2744-KKKMKKHKNKSE-
AKKRKI-2761), we ﬁrst mutated the individual basic amino
acid residue into alanine as illustrated in Fig. 5A. When
K2746A (M3) and K2749A (M5) substitutions markedly re-
duced nucleolar accumulation, the other substitutions main-
tained the nucleolar localization capability (Fig. 5B). This
result suggests that Lys2746 and Lys2749 in 1A6/DRIM may
play a crucial role for nucleolar localization.Since complete inhibition of nucleolar localization had not
been observed in the above substitutions, we assumed that
the basic amino acid residue might cooperate with each other
in regulating nucleolar accumulation. Substitution of all adja-
cent basic amino acids in the three clusters was carried out.
The alterations of the basic amino acids to alanines in the ﬁrst
cluster (M12) and second cluster (M13) of NTS blocked the
nucleolar localization but maintained the nucleus localization
capability. However, changing all four basic amino acid resi-
dues in the third cluster (M14) produced a unique pattern
(Fig. 5B). The GFP/M14 fusion protein was visible in both
Fig. 5. (A) The substitutions of basic amino acids located in the NTS of 1A6/DRIM are illustrated. (B) The subcellular distribution of the NTS
replacements shown in (A).
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that the third cluster is necessary not only for the nucleolar tar-
geting, but also for the NLS of 1A6/DRIM. Abolishment of
the third cluster may partially damage the NLS and result in
the leaking of M14 from the nucleus into the cytoplasm. Our
results indicated that the adjacent basic amino acids in theNTS together play an important role in nucleolar targeting.
The third cluster of NTS can modulate not only nucleolar
but also nuclear localization.
In summary, we identiﬁed the 18 amino acid NTS (2744–
2761), which is located in the C-terminus of 1A6/DRIM. The
ﬁrst two clusters of basic amino acid residue plays a crucial
1410 J. Liu et al. / FEBS Letters 580 (2006) 1405–1410role. The NTS of 1A6/DRIM overlaps a presumable NLS
which is harbored between amino acids 2744–2775. Given
the fact that the yeast homologue of 1A6/DRM, Utp20, is in-
volved in 18S RNA processing, it would be interested to learn
how 1A6/DRIM interacts with the other nucleolar molecules
through the nucleolar targeting region and functions in ribo-
some biosynthesis.
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